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Abstract 1 
 Hot mix asphalt (HMA) was modified with carbon fiber (CF) to achieve electrically 2 
conductive asphalt concrete with applications to pavement anti-icing and de-icing. The volume 3 
resistivity of such electrically conductive asphalt concrete was compared with that of electrically 4 
conductive asphalt mastic. Then, the temperature incr ase, the power consumption, and the snow 5 
melting capability of electrically conductive asphalt concrete were evaluated. Lastly, a 6 
conceptual cost estimation was performed based on data obtained from lab investigations, 7 
publicly available bid records, and the experience gained from the field implementation of a 8 
heated pavement system made of electrically conductive portland cement concrete. 9 
 10 






























Arabzadeh, Notani, Kazemian Zadeh, Nahvi, Sassani and Ceylan                                                                           Page 2 of 28 
 
1. Introduction 1 
Presence of snow and ice on transportation infrastructu e has always been constant source 2 
of concern for ground and air passengers. Snow- and ice-related slippery conditions on the paved 3 
areas of airfields and roadways cause transportation delays and accidents. So far, the 4 
conventional snow and ice removal techniques have shown some degree of success in mitigating 5 
the pavement maintenance problems caused by cold environmental conditions. However, 6 
considering the growing trend for making the transportation infrastructure smart [1], it is timely 7 
to develop fully automated winter maintenance operations. Such level of autonomy can minimize 8 
the labor and the amount of unsustainable deciding chemicals required for keeping the paved 9 
areas free of snow and ice [2]. To automate the winter pavement operations, it is possible to 10 
construct heated pavement systems melting snow and ice through resistive heating. For instance, 11 
electrically conductive portland cement composites have been successfully used for melting 12 
snow and ice in the airports [3–5].  13 
Electrically conductive asphalt concrete, that in this study is referred to as conductive 14 
asphalt concrete, can be another means of automating the winter maintenance operations. So far, 15 
there has been studies focusing on the fabrication methods of conductive asphalt concrete [6–14]. 16 
Conductive materials like fibers can be directly incorporated into hot mix asphalt (HMA) during 17 
the mixing process [15] or be incorporated using either wet method or dry method. In wet 18 
method, conductive materials are blended with bitumen before adding aggregate. In dry method, 19 
however, conductive materials (generally fibers) are mixed with aggregate before adding 20 
bitumen. Dry method, minimizing the flocculation of fibers in asphalt mixture [16], makes the 21 
mixing process easier and facilitates the fiber distribution [17]. In addition, dry mixing method 22 
has been conventionally practiced for producing fiber reinforced asphalt concrete for field 23 
applications [16].  Dry mixing method, due to its practicality, can be a promising method for the 24 
incorporation of conductive materials into HMA. As a result, if there is any need for enhancing 25 
the fiber distribution quality, it would be more practical to modify the dry mixing method. 26 
Carbon fiber (CF) [18–20], steel fiber [21], steel wool [15], graphite [22], carbon black 27 
[23], and aluminum chips [24] are the electrically conductive fillers (particles passing #200 28 
sieve) that can render the asphalt mastic electrically onductive leading to conductive asphalt 29 
concrete. Among all these fillers, CF – with the resistivity value of approximately 10-3 Ω.cm [18] 30 
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fatigue life [16, 25] as well as the thermal cracking resistance [26, 27] of asphalt mixtures. 1 
Fabrication of electrically conductive asphalt-based materials entails dosing them with 2 
electrically conductive materials (e.g., CFs) at variable volume contents to first identify the 3 
percolation threshold [28], [29] and then the optimum amount at which the highest possible 4 
electrical conductivity is achieved,  without any chance for overdosage [30]. Fibers, however, 5 
change the volumetric properties of asphalt mixtures [30–32] and they should be incorporated 6 
into asphalt mixtures with precaution. Therefore, it is of paramount importance to control the 7 
volumetric properties of an electrically conductive  asphalt mixture containing CFs. 8 
Previous studies on economic evaluations performed on ifferent types of heated 9 
pavement systems - e.g. heated pavement systems made of electrically conductive portland 10 
cement concrete or embedded hydronic pipes - proved the significance of initial construction 11 
cost as the most influential factor [33–35]. However, due to the lack of a full-scale heated 12 
pavement system made of conductive asphalt concrete, no one has attempted to develop a 13 
standardized cost value tailored for the implementation of this technology. According to Federal 14 
Highway Administration economic analysis bulletin, construction cost contributes a big part in 15 
life cycle cost of construction projects [37]. To this end, providing some insight on materials and 16 
initial construction costs of conductive asphalt concrete juxtaposed with those of conventional 17 
asphalt concrete would be helpful for future economic investigations. 18 
 The objective of this study was to fabricate a conductive asphalt concrete with 19 
applications to automating the pavement winter maintenance operations. To achieve this 20 
objective, following a modified dry mixing method, CFs were incorporated into aggregates at 21 
variable dosage rates to then prepare gyratory asphalt concrete specimens. Therefore, the 22 
percolation threshold and the optimum CF contents could be identified. After that, conductive 23 
asphalt concrete slabs were fabricated at the identified optimum CF volume content so that the 24 
heat generation efficiency could be first evaluated using active infrared thermography and then 25 
documented by reporting the duration and energy consumption regime for melting a thick layer 26 
of snow in an extremely cold day in Ames, Iowa, US. Lastly, a cost analysis was performed to 27 
estimate the capital cost associated with the construction of conductive asphalt concrete. Fig.  1, 28 
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 1 
Fig.  1. The main research steps taken in this study. 2 
The main contributions of this study are: (a) providing a novel method for the 3 
incorporation of CFs into conductive asphalt concrete to achieve a highly uniform fiber 4 
distribution, (b) achieving an asphalt concrete with high electrical conductivity through 5 
incorporating a small amount of CFs, (c) using the double percolation theory to explain the 6 
electrical behavior of conductive asphalt concrete at dosage rates beyond the percolation 7 
threshold, (d) introducing a new and practical approach for the attachment of electrodes (i.e., 8 
probes) to gyratory specimens, (e) documenting the promising heating performance of 9 
conductive asphalt concrete at a severe winter conditi , (f) experimentally investigating the 10 
effect of  positive thermal coefficient (PTC) on electrical heating performance of electrically 11 
conductive asphalt concrete, and (g) estimating the capital and initial construction costs of a 12 
heated pavement system made of conductive asphalt concrete. 13 
2. Materials and Methods 14 
2.1. Materials 15 
The asphalt binder obtained from Jebro Inc. was PG 58-28 and had a specific gravity of 16 
1.035. The limestone aggregates, with the combined gra ation provided in Table 1, were 17 
obtained from Martin Marietta mine. The carbon fiber (CF) used in this study, that was obtained 18 
from Asbury Carbons Inc., had a carbon content above 94%, the specific gravity of 1.8, and the 19 
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Table 1. Aggregate gradation  1 
Sieve # Sieve Size (mm) Passing 
(%) 





Min. Max. Min.  Max Min. Max. 
1/2" 12.50 100 100 - - - 100 100 
3/8" 9.5 95 90 100 - - 90 100 
#4 4.75 64 - 90 - - 58 78 
#8 2.36 37 32 67 47.2 47.2 40 60 
#16 1.18 22 - - 31.6 37.6 28 48 
#30 0.6 15 - - 23.5 27.5 18 38 
#50 0.3 9.8 - - 18.7 18.7 11 27 
#100 0.15 7.2 - - - - 6 18 
#200 0.075 6 2 10 - - 3 6 
 2 
The stainless-steel electrodes embedded in slab specimens had a volume resistivity of 6.9 3 
×10-5 Ω.cm, a wall thickness of ≈  4 mm, a Young’s modulus within the range of 190 – 203 GPa, 4 
and a tensile strength within the range of 510 – 620 MPa. The coper foil electrodes attached to 5 
the gyratory specimens had a volume resistivity of  2 ×10-6 Ω.cm and a thickness of 0.5 mm.  6 
Specimen Fabrication 7 
Presence of CFs changes the volumetric properties of conductive asphalt concrete and the 8 
most economical and feasible method to minimize such influence is adjusting the gradation -  9 
rather than varying the asphalt binder content. The optimum aggregate gradation presented in 10 
Table 1, is the outcome of evaluating the volumetric p operties of many trial conductive asphalt 11 
mixtures fabricated with different aggregate gradations. The gradation proposed in this study can 12 
provide a benchmark for the fabrication of conductive asphalt concrete using CFs.  13 
A planetary (Hobart) mixer was used to mix CFs and ggregates. To prevent the CFs 14 
from flying and ensure their dispersion uniformity, first, water was added to aggregate-CF blend 15 
at a total mix weight content of 4%, and then the mixing started. Each batch was mixed for three 16 
minutes at 285 rpm. Modifying the dry mixing method by the addition of water exhibited a 17 
considerable influence on increasing the quality of CF distribution in the blend. The aggregate-18 
CF blends were then heat-treated for 24 hours in anove  set at 110°C to ensure the evaporation 19 
of the water. The addition of water for increasing the CF dispersion quality and detailing the 20 
procedure for such method of CF dispersion were among the novel features of this study.   21 
To fabricate conductive asphalt concrete specimens, the dry aggregate-CF blend and 22 
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then were immediately mixed by the planetary mixer at 285 rpm for 3 minutes. Due to the huge 1 
influence of aging [38], especially the short-term aging, the asphalt mixtures were reconditioned 2 
for 2 more hours in an oven set at 135°C.  Using a gyr tory compactor, all the cylindrical 3 
conductive asphalt concrete specimens were compacted t he constant height of 114 mm (see 4 
Fig.  4(a)). To facilitate the volume resistivity measurements and eliminating the errors related to 5 
manually pushing electrodes to the specimens for performing such measurements, copper foils 6 
were placed at the tops and bottoms of loose asphalt mixtures. Following this approach, the 7 
gyrations and the adhesive behavior of asphalt binder helped the electrodes (e.g., copper foils) to 8 
adhere to the 150mm-diameter gyratory specimens. The specimens, each having three replicates, 9 
were fabricated at variable CF dosage rates ranging from 0% to 2.5% (by total volume of the 10 
mixture). The attachment of electrodes using the adhesive behavior of asphalt mixture as well as 11 
the pressure applied by the gyratory compactor was another novel feature of this study. This 12 
electrode attachment method can possibly result in resistivity readings close to those obtained 13 
from a heated pavement section implemented in the field. The pressure applied by the roller 14 
compactor and the adhesive behavior of asphalt mixture help form the bond at the electrode-15 
asphalt mixture interface in the field. Such electrode-asphalt mixture bond formation is to some 16 
extend similar to the methodology used in this study.  17 
At different CF contents, conductive asphalt concrete has different volume resistivity 18 
values. The higher the amount of CF, the lower the volume resistivity. The electron conduction 19 
mechanism in an electrically conductive composite depends on the intrinsic electrical 20 
conductivity of electrically conductive additives, contact resistance, and electron tunneling (see 21 
Fig.  2). The electron conduction mechanisms illustrated in Fig. 2 are depicted based on the 22 
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 1 
Fig.  2. Electron conduction mechanisms [36–39] in a composite containing electrically 2 
conductive fibers: (a) contact resistance and (b) electron tunneling. 3 
Although the mentioned mechanisms are responsible for increasing the electrical 4 
conductivity in a composite material, fabricating a conductive asphalt concrete capable of 5 
generating sufficient amount of heat is not as simple as dosing hot mix asphalt with a random 6 
amount of fibers. If excess amount of fibers is incorporated, the conductive asphalt mixture will 7 
not be compactible. If, on the other hand, the conductive asphalt mixture is dosed with small 8 
amount of fibers, it will still be electrically insulating. Therefore, to overcome these challenges, 9 
the percolation threshold [41, 42] (see Fig.  3) at which a sudden insulator-to-conductor 10 
transition occurs should be identified. Note that te illustration provided in Fig. 3 is depicted 11 
based on the information obtained from previous studies [35, 36].  12 
To overcome the errors occurring during design and the mixing process at plant, it would 13 
be more practical to select a CF content slightly higher than the threshold value. The electrical 14 
conductivity of conductive asphalt concrete at the percolation threshold is highly sensitive [45] 15 
and can drastically change, if the CF content at this volume content changes slightly, or if the 16 
conductive asphalt concrete at this CF content is subjected to external stimuli such as 17 
environmental temperature changes [30]. In fact, due to the sensitive nature of electrical 18 
conductivity at the percolation threshold, electrically conductive composites dosed with 19 
conductive materials at this volume content are suitable for self-sensing purposes [44, 45]. 20 
Due to the importance of electrical behavior of conductive asphalt concrete at the percolation 21 
threshold, after compacting all cylindrical specimens and then measuring their volume resistivity 22 
values, the percolation threshold and optimum CF contents were identified, based on which the 23 
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provide an insight on the electrical behavior of electrically conductive asphalt-based materials, 1 
the volume resistivity values obtained from the cylindrical specimens were compared with those 2 
obtained from electrically conductive asphalt mastic pecimens which we fabricated for 3 
performing another study [30]. Electrically conductive asphalt mastic specimens, each having 4 
three replicates, consisted of non-conductive fillers passing #200 sieve, asphalt binder and CFs at 5 
varying dosage rates [30]. This comparison was made to study the influence of presence of 6 
aggregates on enhancement or degradation of electrical conductivity in conductive asphalt 7 
mixtures. 8 
 9 
Fig.  3. The effect of CF content on electrical conductivity in a composite system [35, 36]. 10 
The slabs were fabricated at the optimum CF volume content of 1%  (the CF content that 11 
may possibly be used for field implementation) to perform a thorough active thermography and 12 
then evaluate the snow melting capability. In order to make the electrode embedment feasible, 13 
the slabs were compacted at two layers. After the compaction, the bottom layer had a thickness 14 
of 25 mm and the top layer had a thickness of 50 mm. It is worth noting that each slab was 15 

















Fig.  4. Conductive asphalt concrete specimen types: (a) gyratory specimen and (b) slab 3 
specimen. 4 
2.2. Volume Resistivity Characterization 5 
Volume resistivity (also known as specific electrical resistance) is a fundamental material 6 
property quantifying its degree of resistance against the electric current flow. In the context of 7 
self-healing [48], Garcia et al. [49], were among the first researchers using Ohm’s law (Eq. 1) for 8 
obtaining the volume resistivity of asphalt-based materials dosed with electrically conductive 9 




                                                                                                                              (1) 
Where: ρ is the calculated volume resistivity in Ω.cm, R is the measured resistance in Ω, S is the 11 
cross-section area of the specimen (in cm2) perpendicular to the resistance measurement 12 
direction, and L is the distance between the electrodes (i.e., copper foils on cylindrical specimens 13 
or steel pipes in slab specimens). 14 
 The resistivity of electrically conductive asphalt concrete specimens was measured at 15 
room temperature and a relative humidity of ≈ 45%.  A FLIR DM62 and a DC Hipot Tester were 16 
used, respectively, for measuring the resistance values below and above 40 MΩ. It is worth 17 
noting that the resistivity measurements were performed using a two-probe method - the two 18 
probes were the electrodes-, and the reason for reliability of this method has been thoroughly 19 
explained in another studies [3], [50] conducted by the authors of this study. The method for 20 
measuring the volume resistivity of electrically conductive asphalt mastic specimens is 21 
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advantage of adhesive behavior of asphalt mastic, copper plates were attached to the ends of 1 
asphalt mastic specimens [30], and then, the measurments were conducted using the two-probe 2 
method [30]. Furthermore, as explained for the electrically conductive asphalt concrete, the 3 
volume resistivites of asphalt mastic specimens were measured using a FLIR DM62 and a DC 4 
Hipot Tester, respectively, to measure the resistance values below and above 40 MΩ.[30]. 5 
2.3. Heat Generation Characterization 6 
All the laboratory heating performance tests were performed on the slab specimens 7 
containing 1% CF in an environmental chamber set at -20°C and a relative humidity of ≈ 10%. A 8 
FLIR T650sc infrared (IR) camera (with a resolution of 640×480 pixels) was used for detecting 9 
surface temperature and acquiring thermal data within a 25-minute time window during which 10 
all the specimens were exposed to an electric potential field of 40V. Then, to evaluate the heat 11 
generation efficiency of slab specimens, the acquired radiometric data were processed and 12 
analyzed using ResearchIR Max® software package. All the temperature analyses were 13 
performed on the temperatures (pixels) selected on the top surface of specimens (see Fig.  5a). 14 
To characterize the heating performance, i.e., resistive heating [51], of conductive asphalt 15 
concrete, two parameters were considered. The first parameter was the temperature averaged 16 
within the rectangle and reported as a function of time. The second parameter was the 17 
temperature averaged along the width of rectangle and reported with respect to the specimen 18 
length.  19 
 20 
Fig.  5. Methods used for the heat generation charaterization of conductive asphalt concrete: (a) 21 
active thermography and (b) snow melting capability. 22 
 On January 2019 30th , Ames, Iowa, US, experienced the coldest day of the year. The 23 
high was -22ºC and the low was -31 ºC  [52]. Therefore - in addition to performing active 24 
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30th), the snow melting capability of conductive asphalt concrete was tested outside of the 1 
laboratory to calculate the duration needed for melting a 190-mm thick layer of snow 2 
accumulated on the surface of conductive slab powered by 40 V (see Fig.  5b). In this way we 3 
could evaluate the efficiency of our developed technology in sever winter conditions which was 4 
a novel contribution of this study. Energy consumption regime was evaluated by calculating 5 
power absorption, power density, and total energy density for snow melting. The power 6 
absorption (in Watts or Kilowatts), is the amount of energy dissipated per unit time and it was 7 
calculated in this study by multiplying the applied voltage (in Volts) and the average electric 8 
current during the snow melting test. Power density (in kW/m2) and total energy density during 9 
snow melting (in kWh/m2) are, respectively, defined as power absorption per unit area of the slab 10 
and the power density multiplied by snow melting duration.  11 
2.4. Cost Estimation  12 
As mentioned earlier, there is no available standardized cost value for heated pavements 13 
made of conductive asphalt concrete, because full-sca e construction of this type of heated 14 
pavement system has not yet been practiced. Full-scale demonstration of a heated pavement 15 
system made of electrically conductive asphalt concrete is the next phase of this study. As a 16 
result, the project level cost estimation providing a more in-depth information will be performed 17 
once this technology is implemented at a full-scale in the field. At the current phase, i.e., the 18 
proof of concept stage, the conceptual cost estimate enables the estimation of the construction 19 
cost at the conceptual stage of design with limited component information [53], [54]. Following 20 
this approach, the construction activities are divided into different work packages and then the 21 
cost for each work package is estimated individually.  22 
In this study, we estimated the capital cost and the cost related to the construction of a 23 
heated pavement system made of conductive asphalt concrete. This estimation was based on both 24 
data collected during lab investigations and publicly available bid records. To provide some 25 
insight, the costs associated with the materials and the construction of a heated pavement system 26 
made of conductive asphalt concrete  were compared with those of conventional asphalt 27 
concrete. In addition, to enhance the capital costs e timation accuracy, the construction activities 28 
were divided to different work packages and then the costs for each work package was estimated 29 
individually. Moreover, the costs associated with electrodes, wiring, and power supply were 30 
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system made of electrically conductive portland cement concrete [35]. In November 2016, two 1 
electrically conductive slabs made of electrically conductive portland cement concrete were built 2 
at Des Moines International Airport in the state of Iowa. “This test setup represents the first full-3 
scale electrically-conductive concrete heated pavement system at a U.S. airport. [35]”. The costs 4 
relative to electrode installation, power supply, addition of CFs, etc. are identical among heated 5 
pavement systems working through resistive heating. Note that cost items were adjusted costs 6 
from 2016, i.e.,  they were built to 2018 using time adjustment factor from RSMeans data base 7 







× 	 	!"#$	2016 = 		 	!"#$	2018	                                      (2) 9 
3. Results and Discussion 10 
3.1. Volume Resistivity Evaluation 11 
According to Fig.  6, increasing the CF content results in reduction of volume resistivity. 12 
The percolation threshold in conductive asphalt concrete occurs at the CF content of 0.75%, 13 
because the volume resistivity decreases by orders of magnitude when the dosage of CF 14 
increases from 0.5% to 0.75% and the resistivity values decrease with a very small rate at CF 15 
dosages greater than 0.75; this pattern of volume resistivity variation in the vicinity of a certain 16 
dosage rate of conductive additive is the characteristic of percolation threshold [44, 45]. For the 17 
same reason the CF content of 0.75% marks the percolation threshold  in conductive asphalt 18 
mastic [20]; however, the rate of volume resistivity reduction after the percolation threshold is 19 
slightly greater for asphalt mastic than that observed in asphalt concrete, but not in orders of 20 
magnitude [20]. At CF dosage rates ranging from 0% to 0.75% (i.e., the percolation transition 21 
zone), the conductive asphalt concrete outperforms the conductive asphalt mastic in terms of 22 
having lower resistivity values. The reason for conductive asphalt concrete’s higher electrical 23 
conductivity at this range can be attributed to the lower volume resistivity of its aggregate 24 
skeleton which is made of limestone. Limestone’s volume resistivity ranges from 106 to 107 25 
Ω.cm [58]. As a result, the volume resistivity of conductive asphalt concrete (containing 26 
limestone aggregates) is 2-3 orders of magnitude smaller than that of asphalt mastic. According 27 
to Fig.  6, asphalt mastic modified with no CF has a volume resistivity of 1.12×109 Ω.cm. It is 28 
worth highlighting that one of the novelties of this study is achieving the percolation threshold at 29 
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presence of water, an approach that yet has not been attempted. For example, in previous studies 1 
[18, 22] focusing on the fabrication of conductive asphalt concrete with CFs, the percolation 2 
threshold was observed at the CF content of 5% by the total volume of asphalt mixture. 3 
At CF contents greater than 0.75%, the volume resistivity of conductive asphalt mastic is 4 
lower than that of conductive asphalt concrete and the difference between the volume 5 
resistivities of these two asphalt-based composites increases with increase of CF content (see 6 
Fig.  6). The reason for such behavior can be attributed to the higher elasticity of fibers compared 7 
with asphalt concrete [31]. The higher the CF content, the higher the resistance against 8 
compaction efforts. As a result, the voids in mineral aggregates (VMA) increases with the 9 
increase of CF content resulting in probability of having discontinuity in the conductive mastic 10 
surrounding the aggregates. It is worth noting that, when using electrically conductive fillers 11 
(e.g., powders or fibers), only the asphalt mastic be omes electrically conductive [12, 24], not 12 
the aggregate skeleton, therefore, double percolation becomes important in electricity 13 
conduction. Double percolation refers to co-occurrence of the percolation of fibers within mastic 14 
and the percolation of fiber-mastic composite within the asphalt concrete. When the conductive 15 
phase (i.e., conductive asphalt mastic), due to dissipation of compaction energy and increased 16 
VMA, becomes less continuous, double percolation is hindered and the conductive asphalt 17 
concrete’s volume resistivity will not decrease considerably with increase of CFs beyond 1%, 18 
and after 1.5% CF the curve becomes essentially flat (see Fig.  6). For the same reason, at the CF 19 
contents below the threshold value (i.e., 0.75%), the volume resistivity of conductive asphalt 20 
concrete is higher than that of conductive asphalt m stic. In other words, due to presence of 21 
small amounts CFs, the VMA does not increase and hece does not result in interfering with the 22 
continuity of conductive asphalt mastic. Using the double percolation theory to justify the 23 
electrical behavior of asphalt-based materials dose with electrically conductive materials is 24 
another contribution of this study. 25 
The motivation for making a comparison between the electrical conductivity of 26 
conductive asphalt concrete and that of conductive asphalt mastic comes from the results we 27 
obtained in another study which was dedicated to making a comparison between the electrical 28 
conductivity of conductive cement paste and that of conductive portland cement concrete [4]. In 29 
that study we proved that the percolation threshold va ue of both portland cement-based 30 
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both conductive asphalt concrete and conductive asphalt mastic start to percolate at the volume 1 
content of 0.75%. It can be concluded that, if the aim for fabricating conductive asphalt concrete 2 
is to produce a self-heating paved surface, it would be possible to study the influence of CF 3 
content on the volume resistivity of conductive asphalt mastic.  In this way the range at which 4 
the fibers start to percolate in asphalt-based materials can be estimated and, using such data, 5 
conductive asphalt concrete can be investigated in a narrower range of CF contents which will 6 
save huge amounts of time and resources during lab investigations.  7 
 8 
Fig.  6. Volume resistivity of electrically conductive asphalt-based materials versus CF content. 9 
3.2. Volumetric Properties Evaluation 10 
The components of asphalt mixture have an influential role on the volumetric properties 11 
[59] such as those of CFs. With increase of CF content, he demand for asphalt content (AC) 12 
increases (see Table 2). Adding CF increases the surface area [32] in the mixture and more 13 
asphalt binder has to be incorporated to cover the fibers and hence results in a workable and 14 
compactible mixture. In addition to increasing the surface area, CFs absorb the light portion of 15 
asphalt binder [28, 29] demanding a higher content of asphalt binder. The higher the CF content, 16 
the higher the asphalt binder absorption.   17 
In addition to the increased demand of asphalt content, another limiting factor related to 18 
incorporation of CFs at high dosage rates is the feasibility of construction, i.e., the compatibility 19 
of conductive asphalt concrete. For example, in this study, it was observed that at high dosage 20 
rates, e.g., above 1.75% CF content, the compaction of conductive asphalt concrete becomes an 21 
arduous task. At these high dosage rates, the compaction efforts are dissipated by CFs, and the 22 
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is also worth noting that, the specimen replicates containing 2.5% CF required over 300 1 
gyrations to achieve the design specimen height (i.e., 114 mm). 2 
Note that in Table 2,  the bulk specific gravity (Gmb) of conductive asphalt concrete 3 
decreases with the increase of CF content and such trend is in agreement with previous studies 4 
[28, 30]. The specific gravity of CF is about 1.8 and that of asphalt concrete containing no CF is 5 
≈ 2.4 (Table 2). Therefore, the amount of Gmb decreases with increase of CFs due to smaller 6 
specific gravity of this fiber type, and the higher the number of CFs the lower the specific gravity 7 
of conductive asphalt concrete. According to Table 2, the air void content – i.e., percentage of air 8 
voids (Pa) [60]- of the asphalt mixture increases by increasing the CF content and this increasing 9 
trend becomes tremendously concerning at CF contents greater than 1.25%. This increasing trend 10 
can be attributed to the change of specimens’ volume due to the presence of  CFs – especially at 11 
high contents – expanding the total mixture volume as well as air void content and VFA. In view 12 
of all that has been mentioned so far, it is recommended to limit the CF content to ≈1.25 by the 13 
volume of total mixture to meet the volumetric requirements.   14 
Table 2. The influence of CF content variation on the volumetric properties of conductive asphalt 15 
concrete 16 
CF% AC% Gmb Pa VMA VFA 
0.00 5.50 2.389 3.2 13.5 75.9 
0.25 5.75 2.373 3.7 14.3 73.8 
0.50 6.00 2.356 3.8 15.2 74.8 
0.75 6.25 2.346 4.2 15.7 73.0 
1.00 6.50 2.334 4.7 16.4 71.6 
1.25 6.75 2.273 5.8 18.8 69.1 
1.50 7.00 2.122 11.8 24.4 51.8 
2.00 7.50 2.072 12.2 26.6 54.2 
2.50 8.00 1.937 17.6 31.7 44.5 
3.3. Heating Efficiency Evaluation 17 
Fig.  7 presents the temperature increase (as a function of time) on the surface of slabs 18 
made of conductive asphalt concrete. The replicates show almost the same behavior in terms of 19 
both temperature increase and heating rate which is indicative of uniform distribution of CFs 20 
using the prposed method for the incorporations of fibers at the volume content of 1%. The 21 
temperature on the surface of slab specimens increases up to about 23° within the heating time of 22 
1500 seconds (or 25 minutes) which is indicative of capability of this type of conductive asphalt 23 
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degrees Celsius above the freezing point of water. However, the duration for completely melting 1 
snow or ice will be extended if snow or ice is present on the surface, because the specific heat of 2 
snow or ice is higher than that of conductive asphalt concrete demanding greater amount of 3 
energy for increasing the surface temperature on conductive asphalt concrete. 4 
 5 
Fig.  7. Temperature increase on the op surface of slab specimens as a function of heating time. 6 
 Fig.  8 shows the heat generation quality of conductive asphalt concrete within the 7 
heating time of 25 minutes (or 1500 seconds). The heating performance is also documented in 8 
supplementary video 1. The black area in Fig.  8 at 00:00:00 is representative of the temperature 9 
of -21ºC proving that the specimen and the surrounding environment are in complete thermal 10 
equilibrium. With increasing the heating time, the specimen emerges in the radiometric images 11 
and then starts to heat. The increase in temperatur becomes more uniform as the time passes and 12 
this uniformity reaches its maximum at the end of the heating time, i.e., the 25th minute. 13 
 14 
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Although the replicates in Fig.  7 show almost the same behavior in terms of temperature 1 
increase and the heating rate, the temperature distribution is not uniform on the surface of 2 
specimens (see Fig.  9). This figure is representative of profile temperatures acquired from the 3 
25th minute, i.e., the end of heating test duration. It is worth reminding that, although the 4 
temperature distribution is not uniform on the surface, the data presented in Fig.  9 is 5 
representative of the highest temperature distribution uniformity throughout the heating time. 6 
 7 
 8 
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 The temperatures averaged along the temperature profiles as well as the standard error 1 
(SE) values are comparable, both of which indicating he similarity between the heating behavior 2 
of the replicates. In the first and the last 37.5 mm, where the conductive asphalt concrete covers 3 
the embedded electrodes, the temperature decreases with respect to distance from the electrodes, 4 
because in these areas the heating occurs due to th c nduction of heat, not due to resistive 5 
heating. As a result of such heating mechanism, the sides of the slabs (i.e., 0 and 380 mm) are the 6 
coldest areas. Between the electrodes, however, the temperature increase is due to resistive 7 
heating. The temperature increases with respect to dis ance from the electrodes and becomes 8 
more stable at the center of slabs. The reason for such initial temperature increase can be 9 
attributed to the diameter (i.e., 25 mm) of electrodes which are smaller than the thickness (75 10 
mm) of slabs. As a result, the CF network needs a cert in distance from the electrodes to allow a 11 
greater number of CFs to become continuously connected to the electrodes and then electrified. 12 
Such distance observed in the replicates ranges from about 30 mm to 45 mm that can be variable 13 
based on the electrode size and the slab thickness. 14 
 Fig.  10 documents the efficiency of conductive asphalt concrete in melting a 190-mm 15 
thick layer of snow. The snow melting capability of the conductive asphalt concrete slab is also 16 
documented in supplementary video 2. As it is apparent in Fig.  10, it takes 2 hours for a slab 17 
powered by a voltage of 40 V to melt the snow. As it was expected, the melting process showed 18 
progress by melting the snow at the  middle of the slab and during the rest of the test, the snow 19 
started to melt at areas close to the sides of the slab. The reason for having such lag, in terms of 20 
melting time, between the sides and the center of the slab, can be explained through the variation 21 
in temperature along the length of the slab (see Fig. 9). Fabricating a conductive asphalt 22 
concrete capable of heating within a short time window and melting a thick layer of snow in a 23 
severe winter condition is a novel feature of this study owing to the uniformity of fiber 24 
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 1 
Fig.  10. Snow melting capability of conductive asphalt concrete captured by time lapse imaging 2 
equipment. 3 
Table 3 presents the energy consumption parameters for melting the 190mm-thick snow 4 
layer, and Fig.  11 shows the variation of electric current flow through the slab during the snow 5 
melting test. According to Fig.  11, the electric current flow through the slab increased during the 6 
first five minutes, then exhibited a decreasing trend up to about 30th minute when it became 7 
almost steady with small fluctuations around 4.45A until 85th minute when, after a sudden 8 
increase to about 4.70A, it assumed a slow increasing rate until the end of the test. At the same 9 
electric potential field between electrodes (i.e. voltage), variation of current flow indicates 10 
variation of electrical resistance of the system and, i  this case, the material’s volume resistivity. 11 
Asphalt-based materials are posistors that possess positive thermal coefficient (PTC) [47–49]. 12 
Due to the PTC effect, the volume resistivity of asphalt-based materials increases with increase 13 
of temperature and vice versa [30]. Therefore, the variation trend of the slab’s resistance would 14 
be the opposite of the current variation shown in the figure.  15 
The current escalades during the first five minutes b cause the slab’s temperature is still 16 
decreasing (due to ambient conditions) resulting in the reduction of resistivity. However, once 17 
enough heat is generated within the slab to raise the temperature, the volume resistivity of the 18 
conductive asphalt concrete starts to increase due to PTC effect and leads to the reduction of 19 
electric current up to the proximity of 30th minute. The current-stability zone between 30th and 20 
85th minute can be attributed to the condition where the slab has reached a temperature 21 
equilibrium; in this period, the slab is constantly converting electrical energy into heat (through 22 
resistive heating) while the snow absorbs a portion of the energy for melting and there is a heat 23 
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and because of the low electric current during the equilibrium zone, the slab temperature reaches 1 
a critically low value to trigger another PTC-driven reduction in volume resistivity and leads to 2 
an increase of current in the proximity of the 85th minute. The volume resistivity variation 3 
behavior captured in this experiment, that is another novel contribution of this study, indicates 4 
the main advantage of asphalt-based heated pavements over portland cement-based systems. 5 
Because of the thermistor [64] properties of portland cement concrete, the volume resistivity of 6 
an electrically conductive portland cement-based concrete decreases by temperature increase and 7 
vice versa [65]. Unlike asphalt-based heated pavements in which the posistor behavior responds 8 
to heat loss by an increase of current and subsequent improvement of heat generation, the 9 
performance of a portland cement-based electrically onductive heated pavement is degraded by 10 
the reduction of temperature. Such finding proves th  highly efficient energy consumption of a 11 
heated pavement system - made of conductive asphalt concrete - during an automated winter 12 
pavement maintenance operation. 13 
Table 3. Summary of energy consumption and snow melting performance using 190mm-thick 14 
snow layer 15 
Voltage 







Total energy density 
(kWh/m2) 
40.00 4.69 0.19 2.35 2.00 4.70 
 16 
Fig.  11. Current variation during snow melting test. 17 
3.4. Cost Analysis 18 
Conductive asphalt concrete material cost was estimated and compared with conventional 19 
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was obtained from the manufacturer who donated it. Following assumptions were made for 1 
preliminary material cost estimation: (a) the price of CF was 19.5 USD/Kg, (b) the amount of CF 2 
(e.g., 1%) was based on the total asphalt mixture volume and (c) the asphalt content of 6.5% was 3 
based on the total asphalt mixture weight. 4 
Table 4. The preliminary cost estimation for conductive asphalt concrete materials versus 5 
conventional HMA 6 
Component Conductive Asphalt Concrete (USD/m3) Regular HMA (USD/m3) 
3-mm CF  372 0 
Coarse aggregate 29 29 
Fine aggregate 8 8 
Asphalt binder 59 59 
Total 468 97 
According to Table 4, the cost of conductive asphalt concrete material is almost five 7 
times greater than that of conventional HMA. This significant difference is mostly related to the 8 
use of CF in conductive asphalt concrete, which is relatively expensive in comparison with other 9 
materials (e.g. coarse aggregate and binder) used in HMA. To decrease the cost associated with 10 
the incorporation of virgin CFs,  it would be possible to fabricate conductive asphalt concrete 11 
using recycled CFs, e.g, the CFs obtained from aircraft recycled reaching the end of their 12 
lifespans. Also,  the price of virgin CF may decrease significantly once it goes into mass 13 
production mode for smart pavement applications. Such pavements can have many different 14 
functionalities including pavement de-icing and anti-icing. In addition to CFs, it would be 15 
possible to select other electrically conductive materi ls compatible with the agency-specific 16 
regulations governing the materials to be used in the pavement surface courses. 17 
Conductive asphalt concrete material cost estimation enables providing an estimate for 18 
the capital cost for a heated pavement system made of conductive asphalt concrete. To this end, a 19 
work break-down structure (WBS) was developed to enhance the cost estimation precision. The 20 
heated pavement system construction was divided into four major work packages (Fig.  12). 21 
Paving in two lifts to embed the electrodes and the wir  connections is the major difference 22 
between the methods followed for the construction of conductive asphalt concrete and 23 
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 1 
Fig.  12. WBS of electrically conductive asphalt con rete vs. WBS of electrically conductive 2 
portland cement concrete. 3 
As presented in Fig.  12, among six major work packages, four of them are in common 4 
with electrically conductive portland cement concrete systems. Therefore, for a cost estimation  5 
performed on a heated pavement system made of condutive asphalt concrete, these four cost 6 
items were adjusted from year 2016 to 2018 values using construction cost indices [55] which 7 
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 1 
Fig.  13. Cost estimation for conductive asphalt concrete juxtaposed with that of conventional 2 
asphalt concrete ( slab size: 4.5 m × 3.8 m). 3 
According to Fig.  13, the installation cost of a heated pavement system made of 4 
conductive asphalt concrete is almost twice the cost of conventional HMA. It is expected that 5 
future advancements in construction practices of heated pavement systems would further 6 
decrease the capital costs of such heated pavement systems. Note that the cost estimation in this 7 
study was conducted based on the data obtained from both Iowa historical bid records and a 8 
previously constructed heated pavement system made of el ctrically conductive portland cement 9 
concrete [35]. The cost estimation can be modified an  adjusted for different locations, material, 10 
labor, and equipment.   11 
4. Conclusions 12 
This study investigated the feasibility of fabricatng conductive asphalt concrete with 13 
application to automating the pavement winter maintenance operations. To this end, the optimum 14 
carbon fiber (CF) content at which a desirable electrically conductivity in an asphalt mixture 15 
could be achieved was identified. The influence of presence of aggregates on changing the 16 
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on changing the volumetric properties was investigated. Heat generation capability of slabs made 1 
of conductive asphalt concrete were characterized using 3 different methods. Lastly, a cost 2 
estimation was conducted to provide insight on the economic feasibility of the proposed 3 
technology. This study led to the following findings: 4 
• In both asphalt mastic and asphalt concrete, the percolation threshold and the optimum CF 5 
contents were determined as 0.75% and 1% respectively; th refore, to have an estimation 6 
about the percolation threshold and the optimum CF content, it is possible to perform the lab 7 
investigations on only the asphalt mastic specimens. 8 
• With increase of CF content, the bulk specific gravity of asphalt mixture decreases and the 9 
air void content, VMA and VFA increases. Due to challenges related to presence of excess 10 
amount of CFs, it is recommended to limit the CF content to 1% by total volume of asphalt 11 
concrete. 12 
• The temperature of a slab made of conductive asphalt concrete, containing 1% CF, powered 13 
by 40 V, and conditioned at -21ºC can increase up to 23ºC within a time window of 25 14 
minutes. Also, in a cold winter, such asphalt concrete slab can melt a 190-mm thick layer of 15 
snow within a time window of 2 hours when powered by the same voltage of 40 V.  16 
• By applying AC electricity at a voltage of 40V, conductive asphalt concrete generated a 17 
power density of 2.35 kW/m2 and melted a 190mm-thick snow layer in two hours.  18 
• Conductive asphalt concrete, being a posistor material, responds to temperature drop by a 19 
decrease in volume resistivity. Therefore, performance of heated pavement system is 20 
adjusted to temperature decrease by escalation of electric current and, thus, generation of 21 
more heat. 22 
• Heated pavement systems made of conductive asphalt concrete provide a temperature 23 
stability and a robust performance. 24 
• The construction cost of heated pavement system made of conductive asphalt concrete would 25 
be approximately 50% higher than conventional HMA. In addition, conductive asphalt 26 
concrete material cost is almost five times greater than that of conventional HMA.    27 
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Min. Max. Min.  Max Min. Max. 
1/2" 12.50 100 100 - - - 100 100 
3/8" 9.5 95 90 100 - - 90 100 
#4 4.75 64 - 90 - - 58 78 
#8 2.36 37 32 67 47.2 47.2 40 60 
#16 1.18 22 - - 31.6 37.6 28 48 
#30 0.6 15 - - 23.5 27.5 18 38 
#50 0.3 9.8 - - 18.7 18.7 11 27 
#100 0.15 7.2 - - - - 6 18 















CF% AC% Gmb Pa VMA VFA 
0.00 5.50 2.469 3.2 13.5 75.9 
0.25 5.75 2.465 3.7 14.3 73.8 
0.50 6.00 2.449 3.8 15.2 74.8 
0.75 6.25 2.450 4.2 15.7 73.0 
1.00 6.50 2.448 4.7 16.4 71.6 
1.25 6.75 2.413 5.8 18.8 69.1 
1.50 7.00 2.404 11.8 24.4 51.8 
2.00 7.50 2.359 12.2 26.6 54.2 













































Component Conductive Asphalt Concrete (USD/m3) 
Regular HMA 
(USD/m3) 




Fine aggregate 8 8 
Asphalt binder 59 59 
Total 468 97 
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